Two dyads comprised of a Ru(bpy) 3 2+ (bpy = 2,2'-bipyridine) photosensitizer and a covalently attached phenol were synthesized and investigated. In the shorter dyad (Ru-PhOH) the ruthenium complex and the phenol are attached directly to each other whereas in the longer dyad there is a p-xylene spacer in between (Ru-xy-PhOH). Electrochemical investigations indicate that intramolecular electron transfer (ET) from phenol to the photoexcited metal complex is endergonic by more than 0.3 eV in both dyads, explaining the absence of any 3 MLCT excited-state quenching by the phenols in pure CH 3 CN and CH 2 Cl 2 . When adding pyridine to a CH 2 Cl 2 solution, significant excited-state quenching can be observed for both dyads, but the bimolecular quenching rate constants differ by two orders of magnitude between Ru-PhOH and Ru-xy-PhOH. Transient absorption spectroscopy shows that in presence of pyridine both dyads react to photoproducts containing Ru(II) and phenolate. The activation energies associated with the photoreactions in the two dyads differ by one order of magnitude, and this might suggest that the formation of identical photoproducts proceeds through fundamentally different reaction pathways in Ru-PhOH and Ru-xy-PhOH. For Ru-PhOH direct proton release from the photoexcited dyad is a plausible reaction pathway. For Ru-xy-PhOH a sequence of a photoinduced proton-coupled electron transfer (PCET) followed by an intramolecular (thermal) electron transfer in the reverse direction is a plausible reaction pathway; this two-step process involves a reaction intermediate containing Ru(I) and phenoxyl radical which reacts very rapidly to Ru(II) and phenolate. Thermal back reactions to restore the initial starting materials occur on a 30 µs -50 µs timescale in both dyads, i. e., due to proton release the photoproducts are very long lived. These back-reactions exhibit inverse H/D kinetic isotope effects of 0.7±0.1 (Ru-PhOH) and 0.6±0.1 (Ru-xy-PhOH) at room temperature. (17) Schrauben, J. N.; Cattaneo, M.; Day, T. C.; Tenderholt, A. L.; Mayer, J. M. Mutiple-Site Concerted Proton-Electron Transfer REactions of Hydrogen-Bonded Phenols are Nonadiabatic and Well Described by Semiclassical Marcus Theory.
INTRODUCTION
Proton-coupled electron transfer (PCET) is an elementary reaction in many enzymes, and it is of key importance for example for water oxidation or carbon dioxide reduction hence it seems desirable to understand PCET at the most fundamental level. 1, 2 Phenols are well suited PCET reactants for mechanistic studies because the acidity of their OH group and their oxidation potential are strongly interrelated. 3, 4 There have been numerous studies of PCET with phenols, focusing on various aspects such as the driving-force dependence of reaction rates and mechanisms, [5] [6] [7] [8] the importance of hydrogenbonding, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] proton transfer distance, 22, 23 and pH of the surrounding medium. 15, [24] [25] [26] [27] The importance of the separation between the redox-active and the acidic/basic reaction sites has also been studied in suitable models. 28, 29 However, the influence of the electron donor-acceptor distance on PCET rates and mechanisms is yet poorly explored, 30, 31 unlike the distance dependence of "simple" (= not protoncoupled) electron transfer. [32] [33] [34] [35] [36] [37] Scheme 1. (a) The P680 / TyrZ / His-190 bidirectional PCET reaction triple of photosystem II; (b) functional model compounds investigated in this work (n = 0, 1).
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PCET reactivity in model systems can be induced chemically, 5, 14, 23 electrochemically, 8, 38, 39 or photochemically. 15, 17, 21, [40] [41] [42] [43] [44] Our group recently reported on phototriggered bimolecular PCET between phenols and Ru(2,2'-bipyrazine) 3 2+ or rhenium(I) tricarbonyl complexes. [45] [46] [47] Building on this work we investigated the influence of electron donor-acceptor distance on the PCET chemistry of covalent rhenium(I)-phenol dyads in CH 3 CN/H 2 O mixtures. 30 In this paper we report on analogous Ru(bpy) 3 2+phenol dyads and their photochemistry in CH 2 Cl 2 /pyridine solution. Our system may be regarded as a functional model for the P680 / TyrZ / His-190 reaction triple of photosystem II (Scheme 1): 48 The phenol plays the role of the combined electron/proton donor (TyrZ), the photoexcited Ru(bpy) 3 2+ mimicks the function of P680, and the pyridine acts as a base like His-190. While similar functional models have been reported previously, 21, 25, 44, [49] [50] [51] [52] [53] the influence of the distance between the phenolic electron donor and the electron acceptor on the overall PCET chemistry is yet little explored. In one of our dyads the phenol is attached directly to the Ru(bpy) 3 2+ complex (Ru-PhOH), whereas in the other there is a p-xylene spacer in between (Ru-xy-PhOH).
RESULTS AND DISCUSSION
UV-Vis spectroscopy and cyclic voltammetry. Figure 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6 of them is reversible and is attributed to the Ru(bpy) 3 3+ /Ru(bpy) 3 2+ couple. The other is irreversible and is assigned to the PhOH + /PhOH couple. The values in Table 1 are half-wave potentials; for the irreversible phenol oxidation processes we used the inflection point in the rising part of the observable wave as an approximate value; we did not detect any significant voltage scan rate dependence for any of these potentials. As seen from Table 1 , the Ru(bpy) 3 2+ oxidation potentials are very close to 1.0 V vs.
Fc + /Fc, while phenol oxidation occurs near 0.9 V vs. Fc + /Fc, both in line with literature values. 3, 4, 54 The irreversibility of the phenol oxidation is commonly attributed to proton loss to bulk solution. 3, 4, [9] [10] [11] On the reductive side of the voltage sweeps we detect prominent waves which can be attributed to reduction of the bpy ligands with up to three electrons. 54 The subsequent oxidative sweep between -2.5 V vs.
Fc + /Fc and 0 V vs. Fc + /Fc reveals an irreversible oxidation at -0.40 V vs. Fc + /Fc for Ru-PhOH and at -0.70 V vs. Fc + /Fc for Ru-xy-PhOH. The respective waves only appear after an initial oxidative sweep to potentials more positive than 0.8 V vs. Fc + /Fc, and consequently we attribute these waves to oxidation of phenolate to phenoxyl radical. The phenolate is generated in the course of phenol oxidation as mentioned above. All potentials are reported in V vs. Fc + /Fc, the data was extracted from the voltammograms in Figure  2 . The supporting electrolyte was 0.1 M TBAPF 6 .
Interestingly, the potential for the PhOH + /PhOH couple is nearly same in Ru-PhOH and Ru-xy-PhOH (0.89 / 0.83 V vs. Fc + /Fc) whereas phenolate oxidation is easier by 300 mV in the longer dyad.
This likely reflects the resonance stabilization of the phenolate in deprotonated Ru-PhOH through Page 6 of 28
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 delocalization of the negative charge from the O-atom towards the N-atom of bpy (Scheme 2). 55 In principle one can draw an analogous resonance structure for the bpy-xy-PhOH ligand of the longer dyad but in that system electronic coupling between bpy and PhOH is weaker, and the respective resonance stabilization is probably less important.
The red traces in Figure 2 30 we arrive at the conclusion that in CH 2 Cl 2 the reaction free energy (∆G ET 0 ) associated with electron transfer from phenol to photoexcited Ru(bpy) 3 2+ is +0.34 eV for Ru-PhOH and +0.30 eV for Ru-xy-PhOH (last column of Table 1 ). 57 Given the significantly endergonic nature of intramolecular photoinduced electron transfer its kinetic inefficiency is not surprising. When adding pyridine to the CH 2 Cl 2 solutions, 3 MLCT excited-state quenching is observed in both dyads, manifesting in luminescence intensity decreases and lifetime shortenings ( Figure S2 and Figure   S3 ), as well as in the appearance of new signals in the transient absorption spectra: In the Ru-PhOH Page 8 of 28
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In the Ru-xy-PhOH dyad the photoproducts form much more slowly than in Ru-PhOH (see below) and therefore when time-averaging transient absorption spectra over the first 200 ns after the excitation pulses we mostly observe the spectroscopic signature of the 3 MLCT excited state in this case ( Figure   3b ). Consequently, for identification of the photoproducts it is useful to consider transient absorption spectra that have been recorded with sufficiently long time delays after excitation (using solutions with sufficiently high pyridine concentrations). Such spectra are shown as black traces in Figure 4a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 electron reduced complex even though the additional electron is ligand-based) because for this species one would expect intense absorptions at ∼380 nm and at ∼510 nm combined with a bleach at ∼450 nm. 58, 59, 60 However the latter two features are absent, and consequently one must observe a Ru(II) species here. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the pyridine base and an electron is transferred from the phenol to the excited Ru(bpy) 3 2+ complex, followed by rapid (thermal) back-electron transfer from the reduced ruthenium complex to the phenoxyl radical. Such a thermal back-electron transfer is thermodynamically possible because the Ru(bpy) 3 2+ unit is reduced at substantially more negative potential than the phenoxyl radical; the relevant redox potentials are listed in Table 1 . Based on these values the driving-force for the thermal back-electron transfer after initial PCET is ca. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 and k D = (2.0±0.2)⋅10 9 M -1 s -1 ( Table 2 ).
In the Ru-xy-PhOH dyad excited-state quenching following pyridine addition is markedly less efficient than in Ru-PhOH, and we have found it most convenient to perform a Stern-Volmer analysis based on the luminescence lifetime data presented in Figure 5d (Table 2) . We note that all experimental emission decays of Ru-xy-Page 13 of 28
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 PhOH exhibited both a fast and a slow decay component (the deviation from single exponential decay behavior is readily visible in Figure 5d /5e). We attribute the slow decay component to impurities of Ru(bpy) 3 2+ the luminescence of which is essentially unaffected by pyridine addition (at least in the concentration range used here). In our biexponential fits we fixed the slow component to 786 ns, which is what we have measured for the luminescence lifetime of Ru(bpy) 3 2+ in de-oxygenated CH 2 Cl 2 at room temperature. The fast decay components arise due excited-state quenching by a photochemical reaction.
As discussed above, our hypothesis is that Ru-xy-PhOH reacts through a sequence of PCET and ET reactions. The initial PCET process forming Ru(I) and phenoxyl intermediates is considered ratedetermining, the ensuing Ru(I)-to-phenoxyl radical is likely to be very rapid for reasons mentioned above.
A key problem with the foregoing Stern-Volmer analysis is that it does not take into account the hydrogen-bonding equilibrium between the phenol and pyridine in CH 2 Cl 2 . We address this shortcoming for the Ru-xy-PhOH dyad with Figure 5g which shows a plot of k obs -k 0 versus the pyridine concentration and make a fit to the experimental data with eq. 2; 40 k obs is the inverse of τ at a given pyridine concentration, k 0 is the excited-state decay rate constant in absence of pyridine.
[B] is the pyridine concentration, and K A is the association constant for the formation of hydrogen-bonded phenolpyridine adducts. k PCET is the rate constant for intramolecular phenol-to-ruthenium electron transfer occurring in concert with release of the phenolic proton to the hydrogen-bonded pyridine.
This is a simplified version of an equation used recently in a very similar context; 21 the simple form of eq. 2 is due to the absence of significant direct excited-state quenching by pyridine and the fact that intramolecular electron transfer is negligible in the absence of pyridine. We have attempted to determine the association constants in an independent manner, using a luminescence-intensity based method described previously. 43 This analysis ( Figure S3 ) yields K A = 1695±172 M -1 for Ru-PhOH and 14.2±1.3
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 M -1 for Ru-xy-PhOH. It is impossible to reconcile these K A values with fits of eq. 2 to the experimental data in Figure 5g using k PCET as a sole fit parameter; K A values on the order of 10 M -1 or greater will lead to significant curvature in the calculated plots of k obs -k 0 . What is more, the K A value of 1695±172 M -1 seems far too large in comparison to other phenol-pyridine adducts in solvents of comparable polarity. 40, 68 We therefore decided to let both k PCET Table 3 were calculated. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  Table 3 . Activation energies (E A ) for the photoreactions of the two dyads.
Ru-PhOX 0.010±0.002 0.032±0.004
Ru-xy-PhOX 0.112±0.017 0.121±0.014
The Arrhenius plot in Figure 6a shows the rates for formation of Ru(II)-PhOafter photoexcitation of Ru-PhOH (black circles) and Ru-PhOD (red circles) in 1,2-dichloroethane in presence of 2 mM pyridine; the individual data points were obtained from emission decay measurements ( Figure S4 ), and the lifetimes extracted from these data are in good agreement with the risetimes observed for the transient absorption signal at 655 nm (data not shown). Linear regression yields an activation energy (E A ) of 0.010±0.002 eV for Ru-PhOH, whereas E A = 0.032±0.004 eV for Ru-PhOD (Table 3) .
For the Ru-xy-PhOH dyad (Figure 6b ) we determine activation energies which are much more similar for proteo-and deutero-analogues: Using emission lifetimes as an experimental observable and a pyridine concentration of 200 mM in 1,2-dichloroethane ( Figure S4) we determine E A = 0.112±0.017 eV for Ru-xy-PhOH and E A = 0.121±0.014 eV for Ru-xy-PhOD (Table 3 ). The factor of 10 increase of E A between Ru-xy-PhOH and Ru-PhOH supports the hypothesis that the two dyads react via different 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 decays which, in the 2 mM -200 mM pyridine concentration range, are essentially independent of the exact amount of pyridine present. Under these conditions the concentration of pyridinium ions seems to determine the rate for reaction of the deprotonated phenols back to their initial forms. The pyridinium concentration in turn is limited by the number of dyads which have undergone photochemical reaction, and this concentration is always lower than 10 -5 M. In de-oxygenated CH 2 Cl 2 in presence of pyridine the average decay time of the transient absorption signal at 655 nm (Figure 5a ) is 50.9 µs when using Ru-PhOH and 34.2 µs when using Ru-PhOD (Table 4 ). Representative decay curves (obtained at a pyridine concentration of 3 mM) are shown in Figure S5a (Table 4 ). Representative decay curves for the longer dyad are shown in Figure   S5b . The occurrence of inverse H/D kinetic isotope effects of 0.7±0.1 for Ru-PhOH and 0.6±0.1 for Ruxy-PhOH is rather unusual but at present the origin of this phenomenon is not clear. In a previously investigated rhenium(I)-phenol dyad (Re-PhOH) we had also observed a phenolate species as a major photoproduct (in CH 3 CN/H 2 O), while for a rhenium(I)-xylene-phenol dyad (Re-xy-PhOH) the spectroscopic data was consistent with a PCET reaction leading to a reduced rhenium complex and a phenoxyl radical. 30 Interestingly, the PCET phenoxyl radical photoproduct is much shorter-lived (85 ns) than the phenolate photoproducts observed for Ru-PhOH (50.9 µs), Ru-xy-PhOH (31.9 µs), and Re-xy-PhOH (14 µs). It thus seems that phenolate protonation in these dyads occurs Page 17 of 28
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SUMMARY AND CONCLUSION
In pure CH 2 Cl 2 none of the two dyads exhibits any photochemistry, neither electron transfer nor The present study illustrates one of the key difficulties that can be associated with the observation of intramolecular photoinduced PCET: Initial excited-state PCET can be followed by rapid (thermal) electron transfer in the reverse direction, thereby impeding the observation of PCET photoproducts. In practice it then becomes challenging to distinguish such a reaction sequence from simple photoacid behavior.
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